The molecular clock hypothesis is investigated by comparison of the rates of nucleotide substitution in globin genes of mice, cows and goats, humans, and rabbits, using the relative rate test. These comparisons are based on a branching order of genes and species established by cladistic analysis of nucleotide sequences. The species branching order is shown to be mouse, cow/goat, human, and rabbit. Relative rate tests involving paralogous and orthologous genes provide no evidence of heterogeneity, among species, in the rate of evolution of the genes. This result is discrepant with the conclusions of most other recent, similar studies. By comparison with previous studies, the present study is based on a sound phylogeny and involves a larger sample of species, genes, and genic regions. The result provides strong support for the neutral theory of molecular evolution and demonstrates that molecular evolutionary rate does not depend on generation time.
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The question of rate constancy in molecular evolution, the molecular clock hypothesis, has been at issue for more than two decades (1) (2) (3) . The question is of interest for two main reasons.
(i) It is the basis of a critical test of the importance of positive natural selection in molecular evolution. If positive selection is a major force affecting the rate of molecular evolution, then variation in evolutionary rate will be the general rule, reflecting the differential effects of selection in time and among lineages; on the other hand, a general pattern of rate constancy could only result if positive selection is of little or no importance in molecular evolution (3) .
(ii) If the rate of molecular evolution were constant and could be determined by calibration with the fossil record, then the divergence times oftaxa, whose evolutionary history is not well documented in the fossil record, could be estimated from the degree of difference between their genes and proteins (2, 4) .
The general conclusion, particularly from recent studies of mammalian genes and proteins, using four different approaches to resolving the issue, has been that the rate of molecular evolution differs among mammalian lineages (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) , although the validity of this conclusion has been questioned (4, (16) (17) (18) . A slowdown of the rate of molecular evolution in the human lineage has been particularly emphasized (7, 10, 11, (13) (14) (15) .
The method of choice in evaluating the molecular clock hypothesis is the relative rate test (10, 14, 15) . This test involves comparison of the rates of nucleotide or amino acid change between two sequences relative to a third, reference sequence. Unlike other tests, it does not depend on fossilrecord-derived divergence times, which may not be accurate, and it can be applied to paralogous genes. Use of the test does, however, require a knowledge of the relative divergence order of the compared sequences to ensure that the reference sequence is the most distantly related.
In this paper, relative rate tests of orthologous and paralogous genes are applied to functional globin genes in placental mammals. The size of the data set is increased beyond that used in previous studies to include the genes of rabbits, cows and goats, as well as humans and mice. The analysis thus involves genes from species belonging to four mammalian orders: Rodentia (mice), Artiodactyla (cows and goats), Primates (humans), Lagomorpha (rabbits). The relative rate tests are based on branching orders of the species and genes determined by cladistic analysis of aligned nucleotide sequences.
MATERIALS AND METHODS
All nucleotide sequences were obtained from either the GENBANK (1987, release 48) or EMBL (1987, release 13) data base. Sequences were aligned by using an iterative, multiway method, contained in a computer package, ALIGN, written by D. Smith (The Australian National University). In this method, which is similar to those described by Hogeweg and Hesper (19) and Feng and Doolittle (20) , all pairwise alignments are made of a group of sequences. A phenetic tree of the sequences, based on their pairwise similarities, is then constructed. The alignments are examined for inconsistencies in the positioning of gaps between sequence pairs. The alignments are adjusted to remove any such inconsistencies, based on the criterion that the positioning of gaps is most reliably determined by the alignment of the most similar sequences. After one complete round of such adjustment, another tree is constructed and adjustments are made to remove any further gap inconsistencies. This process of tree construction and gap position adjustment is repeated until all inconsistencies have been removed and a completely stable tree results. This usually occurs after two or three iterations. The advantages of using iterative, multiway alignment methods over the intuitive integration of pairwise alignments have been discussed by Feng and Doolittle (20) .
Genic cladograms were constructed by using the DNA-METRO and DNAPENNY algorithms from J. Felsenstein 
AATAAAAGGACGAGC-CTTAGAGCAGTTTCACATACTT-GCTTCTGAGACATCTGAGACTA-TCAGCAAGCTCAGCGAGCTCCTAGACCAGACATC GTAGG--CCCTGGGGTCC   120  130  140  150  160  170  180  190  200  210 220 Fig. 2 , with the horizontal branch lengths drawn in proportion to the numbers of substitutions occurring along the branches. The percentage of bootstraps (based on 100 bootstraps) that result in the various pairings and clusterings ofgenes is shown at the branches of the tree. With the exception of the mouse y2-13H1 branch, all branches occur in >85% of the bootstraps. Although an accurate root position was not obtained for the cladogram, the a-globin out-groups indicated that the root lies between a monophyletic group comprising the adultexpressed genes, shown branching to the left of the tree, and another monophyletic group comprising goat C., human E, rabbit 84, mouse y2, and mouse I3HI.
These two monophyletic groups of genes indicate, with high probabilities, a branching order of mouse, goat/cow, rabbit, and human. This is also the single most parsimonious branching order found by a similar analysis of the coding regions of the a-globin genes (36) (37) (38) (39) , using the mouse C-globin (40) as an out-group. The percentage of bootstraps showing this species' branching order for these three sets of genes combined, end-to-end (using a combination of mouse y2, human (3, and mouse ; genes as out-groups for the adult p-like, embryonic p-like, and a-globin genes, respectively), is 100% for the mouse divergence and 89% for the cow/goat divergence (Fig. 3) .
The branch lengths in Fig. 3 , drawn in proportion to numbers of substitutions, show that the times between divergences, particularly between the mouse and goat/cow divergences, are long, relative to the total length of the tree. This demonstrates the invalidity of the previously assumed "star phylogeny" of the orders to which these species belong. The branching order of the species, particularly the early divergence of rodents, is different from that assumed in previous relative rate tests (10, 15) .
In the previous relative rate test involving paralogous (3-like globin genes (10) it was assumed that mouse PH. was orthologous to human Gy. Fig. 2 shows this assumption to be invalid.
Thirty-seven relative rate tests were performed, involving regions of orthologous goat/cow, rabbit, and human genes, with reference genes selected on the basis ofthe relationships shown in Fig. 2 (3- and e-globin genes, aligned end-to-end; the combined out-group consisted of mouse C, mouse y2, and human (3. with all eight non-adult genes. Furthermore, the order of evolutionary rate among species is not consistent across genic regions, and there is no indication that the human gene is evolving more slowly than the genes of the other species. In fact, in none of the genic regions is the human adult gene the slowest evolving of the adult genes. For the non-adult genes, with the exception of the exon silent sites, there is, again, little difference among genes in the mean numbers of substitutions for comparisons with the adult genes. As in the case of the adult genes, there is no consistent pattern in the order of evolutionary rate among genes and no evidence for a slower rate of evolution in human genes. There is also no consistency in evolutionary rate between the genes of the same species. Thus, for example, for the exon replacement sites, goat el is the slowest evolving gene and goat 2 is one of the three fastest evolving genes. Similarly, for intron 2, rabbit p3 is the fastest evolving gene and rabbit /34 is the slowest evolving gene. This suggests that any differences between the genes are not the result of a speciesspecific factor such as generation time or global mutation rate.
In the exon silent sites there is more variation among genes than there is in the other regions, with the human genes appearing to be the slowest evolving. Some of this extra variation may be due to sampling error as fewer nucleotides are compared in this region than in the other regions.
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Evolution: Easteal The number of possible relative rate tests between adult genes, using non-adult genes as reference genes, and vice versa, is prohibitively large. Since there has been particular interest in the relative evolutionary rates of human and mouse genes (10), only tests involving the genes of these species were performed. The rates of goat/cow, human, and rabbit genes have already been compared. Of 32 tests In all, there are four significant differences in 69 tests. There is one case ofa human genic region evolving faster than a mouse region and three cases of human regions evolving more slowly than either mouse or rabbit regions. Two of these significant differences were found in comparisons with only one of the four reference species used. This number of significant differences can be explained as resulting by chance. There is thus no evidence in the rate of nucleotide change among the four orders of placental mammals.
DISCUSSION
The conclusion drawn from the results presented here is that genes are evolving at the same rate in the different mammalian orders. This conclusion is in sharp contrast to those drawn from most other recent studies (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . There are a number of reasons for this.
Previous orthologous and paralogous relative rate tests have assumed branching orders of genes or species that appear to be incorrect from the cladistic analysis presented here. In the case of orthologous genes, the branching order and relative divergence times, indicated by the cladistic analysis, are those previously proposed (17) to account for the differences in evolutionary distance between the species (10), under the assumption of rate constancy.
The species branching order obtained from the cladistic analysis presented here might be incorrect if there were large differences in evolutionary rate among branches (41) , and this could affect the conclusions drawn from the orthologous sequence comparisons. Thus, for instance, the data might be consistent with a branching order of artiodactylids, primates, rodents, and lagomorphs (42) , with a greater rate of evolution in the rodent lineage. However such a scheme seems unlikely since no difference in rate between rodents and the other Evolution: Easteal Proc. Natl. Acad. Sci. USA 85 (1988) orders is apparent in comparisons with paralogous genes (Tables 2-4 ) or in comparisons with marsupial sequences (unpublished data). The apparently incorrect assumption that mouse PHI and human Gy are orthologues may account for some of the variation in evolutionary rate suggested by the previous paralogous relative rate tests involving human and mouse genes (10) . In those tests, only exon silent sites were considered, and no attempt was made to evaluate whether the observed differences were significant. In only 2 of the 32 relative rate tests described here between humans and mice is there a significant difference between the two species, and in only 1 of these has the mouse genic region evolved faster than the human genic region.
The cladistic analysis suggests that the star phylogeny, assumed in comparisons of the observed and expected variance in substitution rate among lineages (3, 5, 6, 8, 9, 12) , is not valid. The heterogeneity in the degree of sequence difference between species appears to be due not to variation in substitution rate but to variation in the species' divergence times. The fossil record over the period during which the main orders of placental mammals diverged is too inadequate to determine definitively the pattern of ordinal branching. The assumption of a star phylogeny is more a reflection of ignorance about branching orders than a reflection of any pattern in the data (43) .
The discrepancy between the present results and those from studies in which species' divergence times are derived from the fossil record (7, 11, (13) (14) (15) can be explained in a similar way. The species' divergence times proposed in such studies are presumably based on an incorrect interpretation of the poor fossil record.
The results provide strong support for the neutral theory of molecular evolution, as it relates to nucleotides and, since exon replacement sites appear to evolve at a constant rate, proteins. The results also show that the rate of accumulation of new mutants is not affected by generation time and that the rate of molecular evolution has not slowed down in the primate lineage leading to humans. This has important implications for mammalian divergence times. The nucleotide sequences of human and ape genes are more similar than expected under the current assumptions about the divergence times of the main mammalian orders and of humans from the African apes (7, 11, (13) (14) (15) . Since there has been no slowdown in the primate lineage to explain this discrepancy, either the mammalian orders diverged earlier than has been supposed or humans diverged from the African apes later than the currently accepted five to eight million years ago. Wilson, and two anonymous reviewers for helpful comments on the manuscript.
